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ABSTRACT The nucleotide sequence of the STE7 gene from
Saccharomyces cereviiae has been determined. It is one of several
regulatory genes implicated in the control of cell-type-specific
gene expression in yeast. The predicted amino acid sequence
shows homology to several members of the protein kinase family.
These results suggest protein phosphorylation may play a key role
in regulation leading to cell-type spialization in yeast.
Yeast is a model system for the study of molecular mecha-
nisms controlling cell-type specialization in eukaryotes.
There are three cell types in yeast: a, a, and a/a. Whereas a
and a cells are haploid and are specialized for mating, a/a
cells are diploid and are specialized for meiosis and sporula-
tion. With the exception of the mating type locus, MAT, all
cells contain the same genetic information. The presence of
either the a or the a allele at MAT determines whether cells
will express the respective a-specific or a-specific genes and
corresponding functions. The presence ofboth a and a alleles
in diploid cells heterozygous at MAT causes repression of
haploid-specific genes. (See ref. 1 for review.)
Expression of haploid-specific genes depends upon several
regulatory determinants in addition to those encoded atMAT.
Some of these have been identified by sterile (ste) mutations
that prevent mating in both a and a haploid cells. The STE7
gene was originally identified as a mutation that produced
insensitivity to cell-division arrest induced by the yeast
mating hormone, a-factor. Further characterization showed
that mutation ofSTE7 also causes a nonmating phenotype in
both a and a cell types (2). It appears that the STE7 gene
product is involved in transcriptional regulation' of both
a-specific and a-specific genes. On the basis of steady-state
RNA analyses in STE7+ and ste7- genetic backgrounds, both
the a-factor and the a-factor hormone structural genes, the
a-factor and a-factor receptor genes, and a gene whose
product is required for a-factor biosynthesis are under STE7
control (D.T.C., S. Fields, and G. Sprague, unpublished
observations). It has been shown that the STE7 gene regu-
lates expression of the yeast transposon Ty] and genes under
Tyl control (3-5). Although these genes have no apparent
role in cell-type specialization, their expression in yeast is
haploid-specific (4-6). To begin characterization of the STE7
gene product, we have determined the nucleotide sequence of
STE7. We report that the STE7-encoded protein is homolo-
gous to members of the protein kinase family.
MATERIALS AND METHODS
STE7 DNA. Cloned STE7 DNA was obtained from plas-
mids pSTE7.2 (7) and pSTE7.4, shown in Fig. 1. The 2.3-kb
HindIII fragment (a-d) from pSTE7.2 and the 0.4-kb Cla
1-HindIll fragment (e-f) from pSTE7.4 were isolated by
agarose gel electrophoresis (8). Plasmid DNA was prepared
by the method of Norgard (9). Restriction enzymes were
purchased from New England Biolabs and used under con-
ditions recommended by the vendor.
DNA Sequencing and Data Analyses. Sequencing was per-
formed by the chain-termination method (10) according to
"shotgun cloning" and sequencing procedures described in
ref. 11. Bacteriophage M13mpl8 (Bethesda Research Labo-
ratories) treated with Sma I (New England Biolabs) and calf
intestinal phosphatase (Boehringer Mannheim) was used for
shotgun cloning of random fragments from the pSTE7.2
region a-d (Fig. 1). The 376-bp Cla I-HindIII fragment (e-f)
from pSTE7.4 was subcloned into both M13mpl8 and
M13mpl9 vectors. Each clone was sequenced according to
described procedures (11). Escherichia coli K-12 strain
JM109 (New England Biolabs) was used for M13 cloning and
phage DNA production. A 17-nucleotide oligomer, 5'
GTAAAACGACGGCCAGT 3', synthesized using an Ap-
plied Biosystems (Foster City, CA) model 380A synthesizer,
was used as a primer for M13 sequencing reactions. The
Klenow fragment of E. coli DNA polymerase I was obtained
from New England Biolabs or United States Biochemical
(Cleveland, OH). The sequencing reaction mixtures con-
tained [a-[35S]thio]dATP from Dupont-NEN Products. The
products were analyzed by electrophoresis in 6% polyacryl-
amide/7 M urea gels with a Tris borate buffer gradient (12).
DNA sequence data were assembled using DBSYSTEM
programs on a VAX-11/780 computer (13). The homology
search FASTP algorithm of Lipman and Pearson (14) was
used to search the Protein Identification Resource protein
sequence library containing 3061 sequences (March 25,
1985). The FASTP algorithm assigns initial scores for regions
of local homology and optimized scores for maximum align-
ments obtained by allowing deletions and insertions between
compared sequences. The RDF program was used to deter-
mine z values for these initial and optimized scores (14). The
z value is a measure of the statistical significance of the
corresponding scores: z = (similarity score - mean of
random scores)/(standard deviation of random scores).
mRNA 5'-End Mapping. Strains DC38 (MATa STE7+
his4-519 leu2 ura3 trpi cani-101) and DC127 (isogenic
ste7-A2 derivative ofDC38 constructed by gene replacement)
were grown at 30°C to 1-2 x 107 cells per ml in YPD medium
[1% (wt/vol) Bacto-yeast extract/2% (wt/vol) Bacto-pep-
tone/2% (wt/vol) dextrose]. Total RNA was isolated accord-
ing to the glass-bead lysis and extraction method (15). The
preparation was enriched for poly(A)+ RNA by passage over
oligo(dT)-cellulose (Collaborative Research, Waltham, MA)
(16). A DNA oligomer, 5' AAGTCTTTCGTTGAAACAT 3',
complementary to the mRNA was synthesized as before. The
primer-extension reactions were performed essentially ac-
cording to the procedure of Reeder et al. (17). The reference
DNA sequence was determined using the end-labeled syn-
Abbreviations: bp, base pair(s); kb, kilobase(s).
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FIG. 1. (a) Restriction maps of the STE7 region in the plasmids pSTE7.2 and pSTE7.4. Thick lines represent yeast DNA and thin lines
represent flanking pBR322 DNA. Cla I (C), HindIII (H), and Sal I (S) restriction sites shown have been mapped in the designated plasmids.
The positions for EcoRV (R) sites are known only for the 2.1-kilobase (kb) sequenced region. (b) Summary of transcriptional and translational
features of the STE7 region. The open box represents the open reading frame beginning at position 288 and ending at position 1907. The arrow
indicates the major transcription initiation site at position 314. The solid box indicates the primer binding site (positions 360-379) for experiments
shown in Fig. 3. See Discussion for description of additional features. bp, Base pairs.
thetic oligonucleotide as a primer (18) and pSTE7.2 fragment Samples were analyzed by electrophoresis in buffer-gradient
a-d (Fig. 1) subcloned into M13mpl8 as the template. gels as described for sequencing (12).
1 ' ' ' ' 50 ' 100
AAGCTTGTGGTC TTAAAAG AATGTGGATGAAACAAAAC TGAATCC AATGA TGAGAAATAAATGT AC AATCAGATAAT AAACACTTTTATTGATGA TTGTCT TTTC TTGC AAACCCC AAT
' 150 ' ' ' ' 200 '
GTTACAATCGCCCATTAGTTCTAAGATTGTGTTGTCCTTTTTCTTACGAAATTTTTTTCCCTCCCTTTTTTGATCACTGTCCTCGTTATAAGTGATTCGTGGGGTAACGGCGATATC ATA
2 5 0 30 ' 350
CTATTATTGGCCCATCTGA TGGA TTAGAAGACCTAC AGGTTAATGTGAAGCGACACTAATGATAAGAAAACTGCATCGGA TC ATATCTGTTTTTGC AGCGTGGT ATATTGGT TGT TGGTC
400 ' ' ' 450 ' 1
Met Phe Gin Arg Lys Thr Leu Gin Arg Arg Asn Leu Lys Gly Leu Asn Leu Asn Leu His Pro Asp Val Gly Asn Asn Gly Gin Leu Gin Glu Lys Thr Glu Thr His Gin Gly Gin Ser
ATGTTTC AACGAAAGACTTTACAGAGAAGGA ACTTGAAAGGGC TC AATCTTAACCTGC ACCCAGATGTGGGC AATAATGGCCAATTGC AGGAAAAGACAGAGACTC ACCAGGGAC AATCT
' 500 ' 550 ' ' '
Arg Ile Glu Gly His Val Met Ser Asn Ile Asn Ala Ile Gin Asn Asn Ser Asn Leu Phe Leu Arg Arg Gly Ile Lys Lys Lys Leu Thr Leu Asp Ala Phe Gly Asp Asp Gin Ala Ile
CGAATAGAAGGCC ACGTGATGTCTAACATTAATGC AATACAGAATAATAGCAACCTGTTTTTGCGAAGAGGC ATAAAAAAAAAACTGACGTTGGATGCGTTTGGTGATGACC AAGC TATA
' 650 ' 700
Ser Lys Pro Asn Thr Val Val Ile Gin Gin Pro Gin Asn Glu Pro Val Leu Val Leu Ser Ser Leu Ser Gin Ser Pro Cys Val Ser Ser Ser Ser Ser Leu Ser Thr Pro Cys Ile Ile
TCGAAACCAAACACTGTGGTAATACAGCAACCGCAAAATGAACCTGTTTTrAGTTCTGTCTTCTCTATCACAATCCCCGTGTGTATCATCATC ATCATCTTTGTCCACGCC ATGC ATTATA
' 750 ' ' ' 800
Asp Ala Tyr Ser Asn Asn Phe Gly Leu Ser Pro Ser Ser Thr Asn Ser Thr Pro Ser Thr Ile Gin Gly Leu Ser Asn Ile Ala Thr Pro Val Glu Asn Glu His Ser Ile Ser Leu Pro
GATGCGTACAGT AATAATTTCGGATTATCGCCATCATCCACGAATTCTACTCCCTCTACGATTCAGGGA TTGTCCAATATTGC AAC ACCAGTTGA AAACGA AC ATTCGA TATC ACTACCA
850 ' 900 ' ' 950
Pro Leu Glu Glu Ser Leu Ser Pro Ala Ala Ala Asp Leu Lys Asp Thr Leu Ser Gly Thr Ser Asn Gly Asn Tyr Ile Gin Leu Gin Asp Leu Val Gin Leu Gly Lys Ile Gly Ala Gly
CCTTTGGAGGAAAGCCTATCGCCAGCCGCAGCAGATCTGAAAGATACGTTGTCGGGA ACTTC AAATGGT AATTATATACAACTCCAGGACTTGGTTCAG TTGGGGA AAATTGGTGC TGGA
I I 1000i 1050 '
Asn Ser Gly Thr Val Val Lys Ala Leu His Val Pro Asp Ser Lys Ile Val Ala Lys Lys Thr Ile Pro Val Glu Gln Asn Asn Ser Thr Ile Ile Asn Gin Lue Val Arg Glu Leu Ser
AATTCTGGAACTGTGGTGAAGGC ACTACATGTTCCTGATTCCAAAATAGTTGCCAAAAAAACCATTCCTGTGGA ACAGAATAACAGTACAATC ATC AACCA ATT AGTTAGGGA ATT ATCT
1100 ' 1150 ' ' '
Ile Val Lys Asn Val Lys Pro His Glu Asn Ile Ile Thr Phe Tyr Gly Ala Tyr Tyr Asn Gin His Ile Asn Asn Glu Ile Ile Ile Leu Met Glu Tyr Ser Asp Cys Gly Ser Leu Asp
ATCGTCAAAAACGTTAAGCCCCATGA AAACATTATCACCTTCTATGGAGCTTATTATAACC AGC ATAT AAAT AATGA AATC ATAATTTTAA TGGA ATAC TC TGA TTGTGGT TCT TT AGA T
I 1250 ' ' 1300
Lys Ile Leu Ser Val Tyr Lys Arg Phe Val Gin Arg Gly Thr Val Ser Ser Lys Lys fhr Trp Phe Asn Glu Leu Thr Ile Ser Lys Ile Ala Tyr Gly Vai Leu Asn Gly Leu Asp His
AAAATAC TGTCCGTTTATAAAAGGT TTGTTC AAAG AGGGACTGT TTCGAGTAAGA AAACCTGGT TCAACGAATTAAC AATATC AAAAATAGCGTATGGCG TACT AAATGGC TTGGA TC AT
' I 1 1350 ' I ' 1400 ' '
Leu Tyr Arg Gin Tyr Lys Ile Ile His Arg Asp Ile Lys Pro Ser Asn Val Leu Ile Asn Ser Lys Gly Gin Ile Lys Leu Cys Asp Phe Gly Val Ser Lys Lys Leu Ile Asn Ser Ile
TTGTACCGACAATATAAGATC ATTCATCGTGA TATCAAGCCT TCCAATGT TC TGA TTAATAG TAAGGGGC AGA TTAAG TTATGTGA TTTTGGAG TTTCC AAAAAACT AATA AATTC TATC
1450 ' 50 ' ' ' 1550
Ala Asp Thr Phe Val Gly Thr Ser Thr Tyr Met Ser Pro Glu Arg Ile Gin Gly Asn Val Tyr Ser Ile Lys Gly Asp Val Trp Ser Leu Gly Leu Met Ile Ile Gl Leu Val Thr Gly
GC TGATACATTTGTTGGAACGTCCACTT ATATGTCACCAGAGAGGA TACAAGGAAACGTTTATTCT ATCAAAGGGGACGTTTGGTCATTGGGC TTAATGA TC ATCGAGC TGGTAACTGGA
I I ' 1600 ' 1650 ' 1
Glu Phe Pro Leu Gly Gly His Asn Asp Thr Pro Asp Gly Ile Leu Asp Leu Leu Gin Arg Ile Val Asn Glu Pro Ser Pro Arg Leu Pro Lys Asp Arg Ile Tyr Ser Lys Glu Met Thr
GAGTTTCCCCTAGGTGGGCATAACG ATACACCTGA TGGC ATATTGGA TTTGC TGC AACGT ATTGTC AACGAGCCTTCACCAAGA TTACCCAAAGACCGT ATCTATTCCAAGGA AATGACA
' 1700 ' ' 1750 ' '
Asp Phe Val Asn Arg Cys Cys Ile Lys Asn Glu Arg Glu Arg Ser Ser Ile His Glu Leu Leu His His Asp Leu Ile Met Lys Tyr Val Ser Pro Ser Lys Asp Asp Lys Phe Arg His
GATTTTG TCAATAGGTGT TGTATTAAGAATGAAAGGGAAAGGTCATCGATTC ATGAATTGC TACATCATGA TCTTATAATGAAATACGTATCACCGTCTAAAGATGA TAAATTTAGACAT
'''1850 '' 1900
Trp Cys Arg Lys Ile Lys Ser Lys Ile Lys Glu Asp Lys Arg Ile Lys Arg Glu Ala Leu Asp Arg Ala Lys Leu Glu Lys Lys Gin Ser Glu Arg Ser Thr His
TGGTGTAGAAAAATAAAATCT AAAAT AAAGGAAGACAAGAGAATTAAAAGAGAAGCCTTGGACCGTGCCAAGTTAGAAAAGAAACAATCGGA AAGA TCAACCCATTGAATGCATGCGATA
' ' ' ~~~~ ~ ~ ~ ~ ~1950' ' ' ' 2000 ' ' 1
ACATTAGTTAGGAACATATT~~~~~~~cACTTTTTT~~~~c .CTCCTCTAAGTTATA. TTTTGCCCTATTTATAAAI--AC--CAA---TT--- TC--TAA---TG---TAA---CA---ATA--TTT------ -- ---
20S50 2100
TTAAAAATAATCATCAAAGTAGCACTTTATGTACAGAAAATTTCACGATTGAGAGAAGCTT
FIG. 2. Nucleotide sequence of a 2.1-kb HindIII fragment containing the STE7 coding region. The translated sequence is shown above the DNA
sequence beginning at the first ATG of the open reading frame. Landmark restriction endonuclease recognition sequences (underlined) are Cla I
(ATCGAT) at position 1724; EcoRV (GATATC) at positions 231, 827, and 1350; and HindIII (AAGCTT) at positions 1 and 2095. (See Fig. 1.)
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FIG. 3. Autoradiogram of STE7RNA primer-extension products
analyzed on DNA sequencing gels. Lanes 1-4: DNA sequence ladder
of the transcription start region from STE7. Lanes 5-7: products of
primer-extension reactions using 1, 10, and 25 ug of poly(A)' RNA
from STE7' strain DC38. Lanes 8-10: products of control reactions
using the corresponding amounts of poly(A)' RNA from ste7-A2
strain DC127. Lane 11: mock reaction with no RNA. The ste7-A2
allele is a deletion of EcoRV fragment b-c (Fig. 1), which encom-
passes the primer binding site.
RESULTS
STE7 DNA Sequence. Previous complementation analysis
of temperature-sensitive ste7 mutants with clones from a
yeast genomic DNA library showed that the functional
portion of STE7 is contained on the 2.3-kb HindII fragment
ofpSTE7.2 (Fig. la and ref. 7). This fragment, which includes
1.9 kb of yeast DNA and 0.4 kb of pBR322, was isolated and
sequenced. The DNA sequence revealed 1897 bp of yeast
DNA containing an open reading frame of 537 codons with no
termination codon. Subsequent cloning of a 376-bp Cia
I-Hind~ll fragment (e-]) from pSTE7.4 (Fig. la), which
overlaps the 3' end of the determined sequence by 174 bp,
allowed the completion of the open reading frame and
determination of 3' flanking sequence. The 2.1-kb sequence
shown in Fig. 2 has been determined on both strands except
for nucleotides 2083-2100.
The 2100-bp DNA sequence was translated in all six
frames. The longest open reading frame extends from posi-
tion 288 to 1907, where it ends with a TGA translation
termination codon (Fig. lb). The amino acid sequence of the
predicted STE7 gene product is shown in Fig. 2. The
sequence begins with a methionine at the first ATG in the
open reading frame.
STE7 RNA. The polarity of the STE7 transcript as predict-
ed from the DNA sequence was confirmed by blot hybrid-
ization analysis of electrophoretically fractionated RNA,
using strand-specific M13 hybridization probes (results not
shown). The 5' end of the STE7 mRNA was mapped to its
cognate DNA by the primer-extension method (17). The
results are shown in Fig. 3. One major extension product was
produced in proportion to RNA concentration in the reaction
with STE7' RNA from yeast strain DC38. The 5' map
position of the major band is located at nucleotide 314. Minor
bands were visible at positions 311, 312, and 318 or 319. No
bands were observed for extension reactions with control
RNA from the isogenic ste7-A&2 deletion strain DC127 or with
no RNA.
Predicted STE7 Protein. The FASTP algorithm of Lipman
and Pearson was used to compare the predicted STE7 protein
sequence to the Protein Identification Resource database
(14). The 24 highest-scoring matches were all kinase or
kinase-related proteins. Representatives from each kinase
subfamily among the first 24 matches and the highest-scoring
unrelated protein identified by this search are shown in Fig.
4a. An estimate ofthe statistical significance ofthese matches
was made by comparing the predicted STE7 protein sequence
to randomly permuted versions of sequences for the poten-
tially related proteins. The significance-of-similarity values (z
values) determined by the RDF program are given in paren-
theses in Fig. 4a (see ref. 14). The z values we find for the
higher scoring matches are statistically significant according
to the guidelines of Lipman and Pearson. In addition, no
matches outside of the kinase family were found that met
these criteria. We conclude from this comparison that the
predicted STE7 gene product is related to the protein kinase
family of polypeptides.
DISCUSSION
A summary of STE7 sequence features is presented in Fig.
lb. A sequence resembling the consensus hexamer of the
transcription control sequence TATAAA is located at posi-
tion 241 (TATTAT), 74 bp upstream from the mapped
initiation site. Although the "TATA box" for eukaryotic
genes is usually found 20-30 bp from the transcription
initiation site, recent studies in yeast indicate that the TATA
box can function 90 or more bp upstream from the site of
transcription initiation (19, 20). The tripartite transcription
termination control consensus sequence (TAG/TATGT/
TTT) identified by Zaret and Sherman (21) is present in the
STE7 sequence between nucleotides 1986 and 2021. Tran-
scription termination has been found to occur 10-21 nucle-
otides from this termination sequence in four cases where 3'
map positions have been determined (21). Based on the 5'
map position and the inferred 3' end, the predicted STE7
transcription unit is close to the observed 1.8-kb size for the
STE7RNA (7). The longest open reading frame in the 2.1-kb
sequence extends from position 288 to 1907, where it ends
with a UGA translation termination codon. The transcription
initiation site resides within this region and is 46 bases
upstream from the first methionine codon at position 360.
Because eukaryotic translation usually initiates at the first
AUG (22), the predicted STE7 gene product is a 515 amino
acid polypeptide. Another possible translation initiation
codon is found at position 499. Neither ATG is flanked by
nucleotides that strictly conform to the consensus for pre-
ferred translation initiation sites. However, both are preced-
ed by a purine at position -3, a feature that is believed
important for initiation (22).
The predicted primary sequence of the STE7 product was
compared to a large data base ofknown and predicted protein
sequences by the FASTP algorithm (14). The results of the
data base search indicate that the predicted STE7 product is
related to the protein kinase family ofpolypeptides. The most
compelling evidence for kinase relatedness of the predicted
STE7 protein arises from an examination of the homologies
that are illustrated in Fig. 4b. All protein kinases are closely
related to one another over a region of about 260 amino acids
that is believed to constitute the catalytic domain. Of par-
ticular note are four sequences in the predicted STE7 protein
that are characteristic of the kinase family (23, 24). One is the
sequence Gly-Xaa-Gly-Xaa-Xaa-Gly, which is thought to be
involved in ribose ring interactions with ATP (25). The
second conserved sequence, Ala-Xaa-Lys, is found another
15-20 amino acids toward the COOH terminus in all protein
kinases. Because the conserved lysine residue in pp60v-src
and in cAMP-dependent protein kinase is modified by the
ATP analogue 5'-p-fluorosulfonylbenzoyladenosine, it has
been suggested that this lysine may be involved in a phos-
phate group interaction at the catalytic center (25, 26).
Approximately 130 amino acids further toward the COOH
terminus, the third conserved sequence, Asp-Phe-Gly, is also
found in STE7. The fourth conserved and catalytically
important region in protein kinases consists of an Ala-Pro-
Glu sequence (27). At the homologous position in STE7 we
Genetics: Teague et al.
















Bovine cyclic AMP-dependent kinase (CAPK)
Yeast cell division control protein 28 (CDC28)
Rat kinase-related transforming protein (mos)
Kinase-related transforming protein (src)
Avian sarcoma virus gag-yes polyprotein p90
Avian erythroblastosis virus kinase-related
transforming protein (erbB)
Avian sarcoma virus gag-fps polyprotein
Feline sarcoma virus gag-fes polyprotein
Abelson murine leukemia virus gag-abl polyprotein
Feline sarcoma virus gag-fgr polyprotein
Avian retrovirus gag-mht (gag-mil) polyprotein
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FIG. 4. (a) Protein sequences similar to the hypothetical STE7 protein. Identifiers and protein descriptive names are those used by the
National Biomedical Research Foundation, Washington, DC. Initial scores (I) and optimized scores (0) were determined by the FASTP
algorithm, using ktup = 1 (14). Values given in parentheses are z values determined by the RDF algorithm (14). The RDF routine was run at
ktup = 1, with 50 random shuffles for each comparison. (b) Sequence alignment offour high-scoring proteins with the putative STE7 gene product
reveals a high degree of homology within conserved domains common to the kinase family. Each sequence is compared directly to STE7, with
identities indicated by + and similarities by -. Dots indicate gaps inserted to maximize homology. Regions of conservation that are discussed
in the text are indicated by brackets. Standard one-letter amino acid abbreviations are used.
find the closely related Ser-Pro-Glu sequence. These and
other identities and similarities illustrated by the comparison
in Fig. 4b suggest that the putative STE7 gene product
conforms to the conserved catalytic domain of protein
kinases.
The STE7 protein has not yet been shown to be an active
protein kinase. However, the prospects for this demonstra-
tion are promising. The relationship of the predicted STE7
protein sequence to members of the kinase family is similar
to that found for the yeast CDC28 gene product, for which
protein kinase activity has been demonstrated (28, 29).
Protein kinases, which include several known oncogenes,
are intimately involved in the control of normal growth in
eukaryotic cells. In this role, they appear to be components
of regulatory cascades and to function as mediators for a
variety of effector molecules. In some cases it appears these
proteins may modulate the activity of the cell's transcrip-
tional machinery (30). The implication that follows is that the
STE7 gene product may similarly participate in a cascade of
regulatory events resulting in cell-type specialization in
yeast. The genetic and molecular methods available with
yeast make this an excellent system in which to test for and
characterize components of the postulated network.
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